We analyze the near-collinear limit of the null polygonal hexagon super Wilson loop in the planar N = 4 superYang-Mills theory. We focus on its Grassmann components which are dual to next-to-maximally helicity-violating (NMHV) scattering amplitudes. The kinematics in question is studied within a framework of the operator product expansion that encodes propagation of excitations on the background of the color flux tube stretched between the sides of Wilson loop contour. While their dispersion relation is known to all orders in 't Hooft coupling from previous studies, we find their form factor couplings to the Wilson loop. This is done making use of a particular tessellation of the loop where pentagon transitions play a fundamental role. Being interested in NMHV amplitudes, the corresponding building blocks carry a nontrivial charge under the SU(4) R-symmetry group. Restricting the current consideration to twist-two accuracy, we analyze two-particle contributions with a fermion as one of the constituents in the pair. We demonstrate that these nonsinglet pentagons obey bootstrap equations that possess consistent solutions for any value of the coupling constant. To confirm the correctness of these predictions, we calculate their contribution to the super Wilson loop demonstrating agreement with recent results to three-loop order.
Introduction
In recent years, planar maximally supersymmetric gauge theory took on the status of a proverbial "harmonic oscillator" of field theories, i.e., a solvable dynamical model of gauge interactions in four dimensions. Though the theory is superconformally invariant even on quantum level, it does possess an S-matrix when deformed away from four dimensions such that its intrinsic infrared divergences get regularized. So its study is of great interest from the point of view of potentially having valuable feedback for realistic theory of particle physics, Quantum Chromodynamics, see, e.g., reviews [1, 2, 3] .
All on-shell states in N = 4 superYang-Mills theory, i.e., positive and negative gauge bosons G ± , (anti)gauginos Γ A ,Γ A and scalars S AB , can be assembled into a single superfield [4, 5] 
. as coefficients accompanying Grassmann variables η
A transforming in the fundamental representation of the SU(4) R-symmetry group. As a consequence, the scattering superamplitude A n of n superparticles Φ i = Φ(p i , η i ) admits a terminating expansion in η's. Making use of supersymmetry and pulling out the energy-conserving delta function along with Parke-Taylor denominator [6] , it reads [5] A n = i(2π) 4 δ 4|8 (P ) 12 23 . . . n1 A n;0 + A n;1 + · · · + A n;n−4 ,
with each term A n;k being a polynomial of homogeneous degree 4k in η's. The A n;k define N k MHV amplitudes. A deep insight into the structure of the superamplitude was offered by its dual description in terms of the expectation value of super Wilson loop stretched on a null polygonal contour 1 [7, 8] . The n−site super Wilson loop develops a similar truncated series in Grassmann variables W n = W n;0 + W n;1 + · · · + W n;n−4 ,
with each term W n;k being an SU(4) invariant polynomial possessing a homogeneous Grassmann degree 4k. The duality between the super Wilson loop and scattering amplitudes establishes the equality between their expansions as follows W n;k = g 2k A n;k .
The main advantage of this reformulation is that it provides an opportunity to use dynamics on the two-dimensional world-sheet of the loop with four-dimensional geometry entering the game only through its boundary [10] . As a consequence, one can rely on the integrable dynamics of excitations propagating on the color flux-tube stretched between a pair of segments of the Wilson loop contour in order to unravel W n in a truly nonperturbative manner in 't Hooft coupling. A properly constructed finite ratio W n of Wilson loop expectation values admits a well-defined expansion in terms of light-ray operators in a given channel that is akin to the usual local operator product expansion for correlation functions in CFT as was demonstrated in Ref. [11] . The focus of this paper will be the six-site superloop, or superhexagon. In particular, we will be after the term in its Grassmann decomposition that corresponds to the NMHV superamplitude.
In this simplest nontrivial case, the Wilson loop receives contribution from a single OPE channel such that it reads schematically [12] 
Here in the right-hand side, we suppressed an overall degree-four factor in terms of Grassmann variables. The integration in the above equation goes over rapidities of excitations u = (u 1 , . . . , u N ). Due to the integrable nature of the color flux-tube, the N -particle energy, momentum and helicity get decomposed into individual single-particle ones
with subscripts p i designating the type of contributing particles. The fundamental excitations of the flux tube consist of the hole, fermions and gluons (as well as bound states of the latter). Their energies and momenta are known nonperturbatively [13] . At vanishing 't Hooft coupling, all single-particle energies become degenerate and define the twist of corresponding excitations
Then it becomes obvious that the expansion (4) receives its leading effect from single-particle states, which scale as e −τ , while the first subleading e −2τ contribution arises from two particles etc., providing a natural expansion hierarchy. To successfully determine the near-collinear expansion of the Wilson loop, one then has to determine the coupling of the flux-tube excitations to the perimeter links. These are encoded in the so-called pentagon form factors [12] 
that are shown in Fig. 1 . These arise from a tessellation of the Wilson loop in terms of the fundamental squares, with pentagons resulting from the overlap of two adjacent ones [12] . In a series of seminal papers [12, 14, 15] , a set of defining equations was proposed and applied to determine pentagon form factors with singlet quantum numbers in a given operator channel. In our previous analysis [16] , this formalism was extended to account for contributions with non-trivial representations with respect to SU(4), focusing on a specific NMHV channel that transform in the 6 of the R-symmetry group. Presently, we conclude this discussion by proposing nonperturbative formulas for other two-particle states.
Our subsequent presentation is organized as follows. In the next section, we start exploring pentagon transitions involving a (anti)fermion and a hole. We introduce S-matrices with full SU(4) tensor structure and construct their mirrors in bosonic and fermionic rapidities. Then we introduce a set of axioms, following the strategy of Refs. [12, 14, 15] , for (anti)fermion-hole pentagons and solve them in terms of the ratio of the scattering matrix and its mirror up to an overall function that obeys certain crossing, permutation and parity conditions. The bootstrap equations alone do not allow us to constrain its form in an unambiguous fashion. We fix the remaining uncertainty in their functional form by confronting chosen ansatze to perturbative data. We provide a similar discussion for (anti)fermion-(anti)gluon S-matrices and pentagons in Section 3. Section 4 is dedicated to perturbative tests of our findings against available multiloop data for NMHV amplitudes that were made available through recent advances in the hexagon bootstrap approach [17, 18, 19] and allowed to push the current state-of-the-art to three-loop order at the NMHV level [20] . We find a complete agreement. Finally, we conclude. In the appendix, we provide a summary of scattering matrices and their mirrors for all pentagon transitions discussed in the main body of the paper.
Hole-fermion pentagon
We start our discussion with a hole-fermion pentagons. In fact, both excitations are charged with respect to the R-symmetry group. Within the asymptotic Bethe Ansatz for N = 4 superYangMills [21] , the SU(4) symmetry gets restored through a particular arrangement of Bethe roots of the momentum carrying fermionic roots and isotopic ones that form stacks [13] . The fermion Ψ A and antifermionΨ A flux-tube excitations transform in the fundamental 4 and antifundamental 4 representation of SU(4), respectively. Analogously, a single hole dual to the central Bethe root gets promoted into a vector of real scalars Φ a that belong to the representation 6 of SU(4). We can conveniently recast the latter instead as an antisymmetric rank two tensor of complex scalars φ AB = 
Hole-(anti)fermion S-matrix
The main player in the analysis that follows will be the scattering matrix between (anti)fermions and holes. For a reference state |φ AB (u)Ψ C (v) , the S-matrix acts as a permutation operator that interchanges the properly ordered excitations,
without changing their rapidities. The product of the scalar and fermion in the state can be decomposed into two irreducible components 6 ⊗ 4 =4 ⊕ 20,
with the help of the projectors 
Analogously, the hole-fermion S-martix is decomposed in their terms as follows
[Π4]
factoring out a universal SU(4) tensor structure from an overall phase S hΨ (u, v) that is sensitive to the dynamics of the flux tube. The scattering matrix for the oppositely ordered excitations can be decomposed as
such that
It is obvious from these definitions that one can introduce scattering matrices in the4 and 20 representation of SU(4),
The explicit nonperturbative form of the overall phase is given in Appendix A.1 together with its mirror transform in the hole rapidity, u → u γ = u + i along a path that was established in the analysis of Ref. [23] (see Refs. [26, 16] for a detailed discussion). The overall phase factor in Eq. (13) obeys the unitarity and crossing conditions,
respectively, where in the first relation, we can use instead S Ψh (v, u) = S hΨ (−u, −v). Let us remind that a (anti)fermion lives on a Riemann surface built from two rapidity u-planes glued together along the cut [−2g, 2g] on the real axis [13] . On the upper sheet its momentum p ∼ O(1) while on the lower sheet p ∼ O(g 2 ) for rapidities u ∼ O(1), thus defining large (Ψ = F) and small (Ψ = f) fermion kinematics. The two are related by an analytic continuation through the above cut [13] . When the small fermion at zero momentum comes in a combination with another excitation it acts on it as an operator of supersymmetric transformation [24] . This will play a pivotal role in the analysis of the operator product expansion of Wilson loops. ... Figure 2 : The contour for the anomalous mirror transformation of the fermion (left panel) and its graphical representation as the fermion is moved into the crossed channel: it becomes a composite state of antifermion on the small sheet (hence its rapidity is dressed with a checkǔ) and a hole (right panel). See Ref. [15] for details.
Anomalous mirror in fermion rapidity
In this section, we will establish the mirror hole-fermion S-matrix when the fermion is moved to the crossed channel. Contrary to the linear nature of the transformation for bosonic flux-tube excitations [23] , the mirror map for fermion is far more trickier. In fact, as was demonstrated in Ref. [15] , a consistent way to mirror a fermion, that sustains a proper change/conservation of its quantum numbers, like helicity/R-charge, is achieved by promoting it into a composite antifermion-hole state, see the right panel in Fig. 2 . This becomes obvious from the study of the fermion's dispersion relation when one chooses for the path for ω, u → u ω = u + i, as shown in Fig. 2 
(left panel).
To execute the fermion mirror transformation properly and account for emerging rational factors, we have to work with complete SU(4) tensors. However, we found it more advantageous to perform the analysis for scalar indices in the vector representation rather than antisymmetric one. That is, we contract above S-matrices with four-dimensional blocks of six-dimensional Dirac matrices, such that
Ba . In this notations, the hole-fermion S-matrix reads
with the R-matrix being [27, 15] [R 46 (w)]
In addition to the fermion-hole S-matrix, we introduce the antifermion-hole one,
with the SU(4) tensor, in complete analogy with the previous case, being
v,e A B Figure 3 :
The mirror S-matrix for the fermion and hole as a fusion of the hole-hole and antifermion-hole matrices in the crossed channel.
and an a priori independent phase S hΨ . The above SU(4) tensors are related via [R 46 (w)]
Ab since 6 =6 for SU (4). As the hole does not carry spin, it should be indifferent whether it scatters on a fermion or antifermion, which implies that the overall phases coincide [22] 
Next, we recall the index structure of the hole-hole S-matrix
that will be involved in the fusion procedure. The R 66 tensor coincides with the well-known Zamolodchikov O(6) S-matrix [28] [R 66 (w)]
As in the previously addressed case [15] , the mirror S-matrix for the fermion in the crossed channel can be found from the anomalous map making use of the fusion
exhibited in Fig. 3 . Here, the right-hand side involves the mirror antifermion-hole and hole-hole S-matrices
where the notation * p implies that the excitation p is taken in the crossed channel, e.g., S * hh (u, v) = S hh (u γ , v) with u γ for holes being u γ = u + i through the cut [−2g + i/2, 2g + i/2] in the complex plane [23] . The right-hand side of Eq. (24) can be simplified in virtue of the following identity (where
and we deduce the definition of the mirror antifermion-hole S-matrix S * Ψh
By shifting the u-rapidity as u → u − i, we can rewrite the above equation as
where we used the fact that
The explicit mirror S-matrix can be easily constructed from this result and its form is deferred to Appendix A.1.2 where it is given for both small and large fermions in the crossed channel.
From explicit diagrammatic representation of the mirror S-matrices, one can establish a chain of relations,
Wherefrom we conclude the mirror S-matrix on a fermion or antifermion is the same
while the relation between S * hΨ and S * Ψh is
This identity can be verified using explicit expressions from Appendix A.1. To find a mirror transformation in both rapidities, we can start from Eq. (28) and rewrite it in the form
where we used the mirror transformation for the scalar S-matrix S hh (u γ , v γ ) = S hh (u, v) [14] and relations (32) for S * Ψh along with the crossing identity (16) . Then performing the mirror transformation of the hole rapidity u, i.e., u → u γ = u + i, we immediately find
Hole-fermion pentagons and bootstrap
Having discussed the S-matrices, let us turn to the axioms for the pentagon transitions that are defined by the following matrix elements
Since the fermion-hole and antifermion-hole S-matrices coincide, see Eq. (21), the equations which both of the above transitions obey do coincide. So we will display only one set, with the other one obtained by the substitution Ψ →Ψ. As advocated at length in the seminar papers [12, 14] , the bootstrap equations consists from:
• "Watson" equations 2 :
• Mirror equation:
• Reflection equation:
The solution to the axioms can be cast in the form
where w hΨ and w Ψh obey the following equation
The pentagon amplitudes P hΨ and PΨh are given by the same right-hand sides as in Eqs. (39), however, with a priori different unknown coefficients w hΨ and wΨ h obeying however identical equations (40) . The above two equations can be rewritten for a single function f hΨ upon the substitution
where f obeys the crossing relation
with u γ = u + i, while the reflection identity gives
These two equations can be solved with a function that is independent of the rapidity u, i.e., f hΨ (u, v) = f hΨ (v). The dependence on v has to be taken in the form of a power of the Zhukowski variable
and provides agreement with multiloop data as argued below.
Form factors
With all pentagons fixed, we now transform them into form factors. As the scattering matrices in this sector, the latter can be decomposed in terms of irreducible components such that they obey individual Watson equations.
with r =4, 20. Using the explicit form of the scattering matrices (15), we immediately conclude
up to a phase. Reflection and cyclic symmetry of the pentagon yield
The form factors in the4 are then obtained by performing multiple mirror transformations on the pentagons, i.e.,
The consistency of these equations with the "Watson" equations (36) can be easily verified as consequence of the relation
which follows from the unitarity and crossing properties of the S-matrix (16) . Using the explicit solutions (39) to bootstrap equations, we can find the two-particle form factors in terms of pentagons as
and anologously
3 Gluon-fermion pentagons
Next, we turn to the derivation of the pentagon form factors involving a (anti)fermion and gauge fields. The gauge fields come in helicity plus and minus eigenstates and will be dubbed correspondingly as gluon and antigluon in what follows.
(Anti)gluon-(anti)fermion S-matrix
Since the gluon is not charged under the R-symmetry group, the SU(4) index structure of the gluon-fermion and gluon-antifermion S-matrices is trivial
The scalar phase factors accompanying the above SU(4) Kronecker symbols are not independent from each other and in fact are equal up to an overall rational factor [22]
By helicity conservation, we can also establish the relations
Thus the only independent dynamical phase S gΨ (u, v), whose explicit expression is given in Appendix A.2, can be found to obey the unitarity and crossing conditions
where the path to the mirror sheet in the gluon rapidity u → u γ = u was elaborated in Ref.
[23] (see also [16] , for examples worked out in great detail). Its explicit form is quoted in Appendix A.2. Notice that S Ψg (v, u) = S gΨ (−u, −v) and one can also fix SΨ g (u, v) to be
Anomalous mirror
The previously discussed anomalous map for fermions implies that one can construct the mirror fermion-gluon S-matrix S * Ψg again by a fusion procedure. Performing this transformation in the fermion rapidity u → u ω = u + i, on the large-fermion-gluon S-matrix from Appendix A.2, we immediately conclude that
Shifting the rapidity back u → u − i in the above equation, we find
This equation produces the result quoted in Appendix A.2.2. By moving the small fermion rapidity to the large sheet, we get the S * Fg (u, v), that together with S * fg (u, v) will be cumulatively denoted by S * Ψg (u, v). In order to find the mirror fermion-gluon S-matrix, we reply on the relation (54) and obtain
for either small or large fermion Ψ = f, F. Let us finally point out that Eq. (58) can be rewritten in the following generic form
with its right-hand side involving only bosons in the mirror channel. This was achieved by means of the following relations between the mirror scattering matrices
and Eq. (56) applied to the last relation. Finally, mirror transforming the gluon rapidity u → u γ in Eq. (61), we immediately conclude that
completing the list of mirror transformations in both rapidities.
Gluon-fermion pentagons
Having found the explicit gluon-fermion S-matrices and their mirrors in both gluon and fermion flux-tube rapidities, we can now proceed with the construction of corresponding pentagons. We can introduce the following fermion-(anti)gluon pentagons, as matrix elements of the pentagon operator between corresponding states of the flux tube
The rest, i.e., pentagons involvingΨ, can be obtained from these via the equations
etc. The pentagon transitions obey a set of axioms that fix them almost uniquely. For the case at hand, the defining equations take the form
• "Watson" equations:
• Mirror equations:
• Reflection equations:
All pentagon transitions admit the following universal structure
in terms of the S-matrices and their mirrors in bosonic rapidities (see Appendix A.2.2) up to yet to be determined functions w's. Due to the relation between the scattering matrices (55), we can relate pentagons involving negative and positive-helicity gluons,
Substituting the ansatze (70) and (71) into the axiom equations, we deduce the following relations between the coefficient functions w's,
and
together with
The solution to these equations is ambiguous. Below we present the one that correctly reproduces the low-loop data (up to three loops), when expanded in perturbative series. Notice that once the form is fixed at lowest orders, the bootstrap to nonperturbative dependence in g 2 is unique. First, we factor out a rational prefactor,
and similarly
Substituting these in the mirror identities (74), we find that the residual functions f andf obey the relation
This can be solved, for the large fermion Ψ = F, with
with adopted conventional notations
. It is important to realize that (78) determines the right-hand side of Eq. (79) up to a product of functions depending on corresponding rapidities, G g (u)G Ψ (v) andḠ g (u)Ḡ Ψ (v) for f andf , respectively. While the mirror transformation for the gluon flux-tube excitations suggests thatḠ g (u −γ ) = G g (u), the equation relating G Ψ (v) andḠ Ψ (v) should be fixed from the mirror transformation involving the fermion. In both cases, the simplest solution G g = · · · = 1 will provide agreement with data.
For the small fermion, we just have to pass in the above formulas to the small fermion sheet by means of an analytic continuation [13] . While the corresponding S-matrices were introduced earlier in Eqs. (A.29) and (A.36), the passage to the small fermion implies the substitution
in the f andf functions (79), such that they read
Form factors
Having found the pentagon transitions, we can derive the pentagon form factors, where all excitations belong to the same side (see Fig. 1 ) by moving excitations by means of a double mirror [12] . Relying on the explicit form of the deduced solutions, we get the form factor coupling of fermion-(anti)gluon excitations to the Wilson loop contour
Here we relied on the fact that
OPE for NMHV hexagon
The preceding two sections summarized our analysis of two-particle form factors which define the coupling of the flux-tube excitations to the Wilson loop contour within the formalism of the operator product expansion. To compare the super Wilson loop observable derived from the OPE to the six-particle NMHV scattering amplitude we have to construct the following combination
where P 6 is the ratio of six-particle superamplitude to its bosonic cousin while W 6 is a properly subtracted bosonic hexagon [11] . The former factor admits a representation [30] P 6 = A 6;1
in terms of superconformal invariants [30, 31] defined by a five-bracket, e.g.,
which are built out of momentum twistors
. These are accompanied by the functions V and V of three conformal cross-ratios u, v, w and 't Hooft coupling g. They admit perturbative expansion
These functions were recently computed within the so-called hexagon bootstrap program to three-loop order in [20] , generalizing an earlier two-loop consideration of Ref. [19] . The bosonic hexagon observable, on the other hand, is determined by the product
of the ratio of the Wilson loops computed in U(1) theory [11] with the coupling constant determined by the cusp anomalous dimension
where the dependence on cross-ratios is encoded into the function [32]
and the remainder function R 6 of the bosonic hexagon that was determined up to three loop order 5 in Ref. [17] . To test all fermonic pentagons discussed above, it suffices to extract the χ (4) such that W 6;1 admits the following structure in the operator product expansion
for bosonic twistors that parametrize the hexagon taken in the form DvH . Also it is important to realize that the conformal invariants we use here are related to those in [20] by a cyclic permutation u = v DvH , v = w DvH and w = u DvH . 5 Again, due to difference of 't Hooft couplings, the perturbative expansion for the remainder function R 6 reads in terms of two-loop R (2) 6 , originally calculated in Ref. [33] and simplified making use of the symbol technology in Ref. [34] , and three-loop R Here, the individual twist-n contributions W (n) are functions of the variables σ and τ and the coupling constant g. Their particle content is displayed as subscripts judged on the basis of their total helicity and R-charge. In perturbation theory, the τ -dependence of W (n) is polynomial of order for O(g 2 ), while the σ-dependence arises as nontrivial functions which can be expressed in terms of harmonic polylogarithms [35, 36] and values of the zeta function. The contribution of the Grassmann component χ 
(1 + e 2σ ) 2 e −iφ/2 + . . . ,
with the rest inducing no effect in the structure in question, (1) 
Twist-one contribution
To start with, let us analyze the twist-one contribution. It arises from the fermion flux-tube excitation. However, to properly describe the NMHV coupling one has to introduce an additional ad hoc NMHV form factor, given by the power of the Zhukowski variable, such that
where the contour C runs on a two-sheeted Riemann surface glued at the cut [−2g, 2g] on the real axis. It was described in detail in Ref. [15] . According to this, the integral splits into two, one going over the large fermion sheet and another over the small one. However, since the semicircle integration contour for the small fermion does not encounter any poles in its interior, the resulting contribution vanishes by Cauchy theorem. This implies that twist-one behavior of the amplitude is governed solely by the large fermion
Here we used the convention (for p = F)
where µ p (u) is a one-particle measure [15] and E p (u) and p p (u) are its energy and momentum [13] . By expanding all functions of the coupling constant in perturbative series, the resulting integrals can be computed using the Cauchy theorem and summing over the residues [14, 37, 38, 16] . The explicit expression for the lowest two orders reads
with further terms being too cumbersome to be quoted here. One can immediately demonstrate that (93) agrees 6 with the recent calculation up to three-loop order 7 [20] . At this moment, let us point out that to the twist-two accuracy, that we are currently using, the bosonic Wilson loop W 6 can be approximated by its leading twist contribution coming from the single gluon flux-tube excitation [14] 
Twist-two contributions
Turning to twist two, now we encounter two contributions which differ by the total helicity. One of them is accompanied by the e 3iφ/2 dependence and it stems from the fermion-gluon flux-tube states
The second one possesses the total helicity − 1 2
and as a result can come from two distinct two-particle states, hole-antifermion and antigluon-fermion. The latter provide additive contributions to the resulting amplitude,
Of course, the hole-antifermion system has to transform under the fundamental representation of SU(4). The individual terms read
where the factor of 3 comes from the SU(4) weight. Notice that in all integrands, we introduced an extra NMHV form factor x[u] for the fermion coupling that is inherited from the one-particle contribution (92).
Gluon-fermion states
As we already reviewed above, the integral with respect to the fermion rapidity in Eq. (97) goes over a contour C that runs (in a small vicinity) along the real axis on the large fermion sheet, then passes through the cut [−2g, 2g] to the small one, where, it encircles an infinite half-circle in the lower semiplane and then goes back through the cut on the large fermion sheet to negative infinity [15] . We observed earlier that the contribution from the small-fermion sheet is possible provided the integrand develops a pole inside the integration contour. As we can immediately see from Eq. (72), the gluon-small-fermion form factor F gΨ (0|u, v) does indeed have a rational prefactor since
where the pentagon P gf (u|v) does not possess additional zeroes. Thus, we find for the twist-two term W
gΨ a sum of two contributions
which read
Here in the first equation, the composite measure takes the form
with
being expressed in terms of gluon-small-fermion pentagons, one-particle measures [14, 15] and an ad hoc form factor continued to the small-fermion kinematics. Counting the powers of the coupling constant in the above two equations, one immediately finds that while W (2) gf starts at order g 2 and thus generates a nonvanishing tree NMHV amplitude, the onset of W (2) gF is postponed to order g 6 and therefore contributes to the NMHV amplitude starting from two loops only. These phenomena were previously observed for MHV and NMHV amplitudes in Refs. [15] and [16] , respectively. They can immediately be tested making use of the available results for the NMHV superamplitude that was recently bootstrapped to three-loop order in Ref. [20] .
The perturbative calculation of integrands is straightforward, to next-to-next-to-leading order the composite gluon-small-fermion measure reads 
The lowest two orders, i.e., tree and one loop, were checked analytically against hexagon bootstrap prediction of Ref. [19] . They read
While the two-and three-loop agreement was established numerically to a high precision, confirming the correctness of the pentagon form factors involved (see the ancillary file).
Hole-antifermion and antigluon-fermion states
Now we are in a position to discuss the last twist-two contribution to the Grassmann component in question. Starting with the hole-antifermion form factor (52), we immediately conclude that there is a pole in it that induces a nonvanishing effect from the small-fermion sheet of the Riemann surface. Thus again, the contribution gets decomposed into two
where
Here the composite measure
starts at order g 2 in perturbation theory. Finally, the integrand of the antigluon-fermion contribution W (2) gΨ does not possess poles on the small-fermion sheet and thus receives a nontrivial contribution only from the large-fermion state. Hence, we can write
The expansion of these twist-two formulas in 't Hooft coupling can be performed to any loop order and then integrals computed numerically. The small antifermion sets in the earliest in the perturbative expansion inducing, therefore, a tree-level NMHV amplitude. The corresponding effective measure is,
where the ellipses stand for higher order terms in the perturbative expansion which are too cumbersome to be presented here. The above hole-small-fermion state generates the tree and one-loop NMHV amplitude, W 
At two-loop order, the genuine two-particle states come into play and read
We further computed the next subleading term in g and numerically verified that the sum of all contributions is indeed in agreement with the three-loop predictions of Ref. [20] .
Conclusions
In this paper, within the framework of the pentagon operator product expansion introduced in Ref. [12] , we discussed twist-two contributions to the hexagon NMHV amplitude, elaborating and generalizing our previous consideration [16] . Using a set of fundamental axioms for pentagon transitions with nonvanishing R-change, we constructed their nonperturbative solutions and then used known mirror transformations for flux-tube excitations in order to find form factors which define their coupling to the Wilson loop contour. These then withstood perturbative tests against the near-collinear limit of recent multiloop calculations [20] . This study demonstrated, echoing the analysis of the NMHV gluonic component in Ref. [14] , that in addition to pentagon form factors determined by the bootstrap axioms, NMHV components of the super Wilson loop require introduction of ad hoc form factors which are given in terms of powers of the Zhukowski variable, like for the 6 channel of NMHV amplitude [16] . Currently the form of these extra ingredients do not appear to be driven by any fundamental principles and have to be introduced to achieve agreement with available NMHV data. A proper understanding of this question begs for further exploration. We also hope that current results will help to unravel to superstructure of the super Wilson loop and pinpoint a way to its superspace formulation, if it exists. Notice, however, that flux-tube excitations break supersymmetry beyond leading order as can be easily verified from the form of their dispersion relations.
Current computing power restricts one's ability to go to even higher orders in perturbation theory within the hexagon bootstrap program [17, 18, 19, 20] , though there are efforts under way to reach four-loop NMHV six-point amplitude [40] . As a next step, it is natural to turn to higher point scattering amplitudes, with heptagons coming into the focus. While the OPE data can be eagerly provided as a boundary condition for generalizations of the bootstrap approach similar to the one adopted for the hexagon, the lack of a global function space is the main obstacle in its successful implementation. A progress along these line had been achieved at two-loop order in Ref. [41] . 
A.1.2 Mirror in fermion rapidity
Using explicit formulas (29) and the mirror hole-hole S-matrix [26] S * hh (u, v) = g 2 u − v u − v + i Γ( Let us emphasize one more time that in light of the relations (31) and (32), the mirror S-matrices found in this appendix are related to the previous one with mirror in hole rapidity.
× exp 2 Φ Fg (u, v) + 2f 
